Introduction
Galactic halos are thought to be composed of weak interacting massive particles (WIMP). These particles are directly detectable by measuring the nuclear recoils associated with elastic scattering. However, to distinguish between WIMP and background scattering events in normal detectors, the annual modulation of the event rate due to revolution of the Earth must be detected [1] .
Alternatively, if the incident direction of WIMP is measured, then accurate results of WIMP detection can be provided [2] . Currently, many gaseous particle track detectors are being developed for direction-sensitive WIMP detection [3] . However, it is also important to obtain target mass to search for small cross-sectional events. Accordingly, solid directionsensitive detectors have also been developed. For example, the scintillation emission efficiency of organic crystal scintillators for heavily charged particles changes depending on the incident direction of the particles.
A WIMP detector using this property has been previously investigated [4] . WIMP detectors detect the diurnal modulation spectrum of the scintillation emission due to variations in the incident direction of WIMP with respect to the crystal associated with the Earth rotation.
Because the target of organic scintillators is limited to light nuclei such as hydrogen and carbon, they are not suitable for some prevailing candidates for WIMP such as pure WINO and other heavy SUSY particles [5] .
In 2013, the dependence of scintillation yields on the incident direction of α particles was reported in ZnWO 4 crystal, which is an inorganic scintillator containing heavy nuclei [6, 7] . In this paper, we evaluated the anisotropic scintillation response of a ZnWO 4 crystal by nuclear recoil using neutrons to examine its performance as a direction-sensitive dark matter detector. The properties of the ZnWO 4 crystals are given in Table 1 , and the information regarding length and angle of the basic vector of the unit cell is given in Table 2 . The ZnWO 4 crystals are monoclinic crystals. Two sets of three basic vectors of the unit cell intersect at the right angle, and the other pair has an obtuse angle. A schematic diagram of the crystal structure is given in Fig. 1 .
Setup

ZnWO 4 crystal
In this study, a cubic crystal with a size of 2 cm×2 cm×2 cm was used, as shown in Fig. 1 . Although this crystal is monoclinic, its shape is that of a rectangular parallelepiped as the obtuse angle is β = 90.62 • . We cut the crystal to match the shape of a unit cell. Accordingly, it has the same bottom surface as the unit cell and the side surfaces are parallel to the unit cell.
In Fig. 1 , the A, B, and C surfaces correspond to the surfaces perpendicular to a, b, and c axis, respectively. Each back side is defined as A ′ , B ′ , and C ′ surface. The B surface is perpendicular to the optical axis (b-axis) of the crystal. The structure of the crystal examined using X-ray diffraction system, D8 DISCOVER (Bruker), confirms that the crystal was cut correctly with 1 • accuracy.
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The notable feature of the scintillation of a ZnWO 4 crystal is its long decay time. A typical scintillation light waveform with γ rays irradiation lasts roughly 100 µ seconds, showing a discrete waveform. In prior study, the decay time constant was reported about 10 ∼ 20 µ seconds [8] [9] [10] , although there are differences in each report. 
The neutron beam
To measure the quenching factors for the nuclear recoil of the ZnWO 4 crystal, we conducted neutron-scattering experiments using a monochromatic neutron beam by 4 MV Peretron accelerator provided by National Institute of Advanced Industrial Science and Technology on the 26th and 27th of March, 2019. The pulsed proton beam, which is accelerated at 1.7 MV interacts with a tritium (T) target, generating neutrons in all directions by the T (p, n) reaction. The generated neutron energy is 0.885 MeV on the beam line. Although monochromatic neutrons are generated as a result of the reaction, the energy of the neutron beam has a spectrum with an energy width of about +10 −20 keV due to the thickness of the tritium target, as shown in Fig. 2 . This spectrum was calculated using AIST's neutron generation simulation package based on MCNP-ANT [11] .
The beam flux is ∼ 310 neutrons/cm 2 /second at a distance of 100 cm. In this setup, the 2 cm cubed crystal was placed at a distance of 60 cm from the beam source, so the flux per crystal area was ∼ 2,644 neutrons/(2 cm) 2 /second.
Experimental setup
In this study, the A and B surfaces of the ZnWO 4 crystal were perpendicularly irradiated with a neutron beam twice to compare the quenching factors of nuclear recoil relative to each surface. We named the beam runs A1 and A2 for the A-surface irradiation and B1 and B2 for the B-surface irradiation. The beam time for each run was 20 minutes.
The crystal and PMTs are arranged as shown in Fig. 3 , and the distance between the beam source and the crystal was 60 cm. Two PMTs (Hamamatsu H6411) were mounted on the C and C ′ surfaces with optical grease (Adhesive Materials Group, V-788). PMT1 (attached to the C surface) and PMT2 (attached to the C ′ surface) were applied at voltages of -2,200 V and -2,140 V, respectively, so that the gains of the PMTs were identical at 1.25×10 7 . Additionally, Teflon tape was wrapped around the A, A ′ , B, and B ′ surfaces to improve the collection of scintillation light. The crystal was fixed with a mounter made from Styrofoam R . A schematic diagram of the measurement circuit is given in Fig. 4 , and a list of modules is given in Table 3 . The output signals from PMT1 and PMT2 were divided and sent to discriminators and their coincidence signal was taken as the overall trigger. The divided analogue signals from the PMTs were pre-amplified, shaped, and sent to peak hold ADCs. The charge-integration time constant of the preamplifier was set at 66µsec to collect the slow scintillation light from the ZnWO 4 crystal. The signal from coincidence was used for the gate of the peak hold ADC for the other PMT signals, and its gate width was set to 50µ seconds.
Monte Carlo simulation of nuclear recoils
The energy spectra obtained by conducting the appropriate experiments on A1, A2, B1, and B2 are superposition of the events scattered according to the angles in the crystal. Therefore, to derive the quenching factor, Monte Carlo simulation of recoil energy spectrum is required. The simulated oxygen-recoil energy spectrum by Geant 4.9.6 is shown in Fig. 5 . A histogram drawn with black lines indicates a raw energy deposit by neutrons, and a red line indicates a histogram smeared by Gaussian distribution that considers energy resolution from the statics of the number of photoelectrons. The maximum energy deposit of oxygen-nucleus recoil for a 0.885 MeV neutron beam is 0.197 MeV, which corresponds to the events associated with a 4/10 As the maximum energy deposits of zinc-nucleus recoil and tungsten recoil are 0.059 MeV and 0.022 MeV, these events do not affect the oxygen-recoil edge region and are not taken into account in this simulation. 
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Results
We conducted energy calibration using the peak energies of the γ sources 109 Cd, 137 Cs, 241 Am, and 133 Ba. The results are summarized in Table 4 from which it is evident that the scintillation response is linear to gammas in this energy range. The obtained visible energy spectra for the neutron beam runs, which are converted to keVee (electron equivalent) unit according to Table 4 , are shown in Fig. 3 . The difference in light output between the A-surface irradiation and the B-surface irradiation is clearly observed. The quenching factor of each surface is calculated by comparing 6/10 the visible energy spectrum and the nuclear recoil spectrum (keV) obtained from the Monte Carlo simulation. However, because the recoil energy dependence of the quenching factor is not known here, the quenching factor is derived from the ratio of the "edge" positions of the spectra of the Monte Carlo simulation to that of the measurement results, by fitting their spectra with "an error function + a linear function". The fitting result of the Monte Carlo simulation and the visible energy spectrum of the beam run B1, as an example, are shown in Fig. 7 and Fig. 8 , respectively. The quenching factor obtained comparing their "edge" positions is considered to refer the energy associated with the oxygen nuclear recoil of ∼ 200 keV as indicated in Fig. 5 . The results are summarized in Table 5 . To derive the error for the quenching factors, the systematic error on the energy scale from the energy calibrations (Table 4 ) and the systematic 7/10 error on the neutron energy from our experimental configurations, that is the angle error between the surface of the crystal and the beam ∼ 2 • (although it only contributes less than 1% of the total error ) were taken into account. As seen from Table 5 , the obtained quenching factors of the ∼ 200 keV oxygen nuclear recoil for the first beams (A1 and B1) and the second beams (A2 and B2) are consistent. Averaging the results from the B1 and B2 beam, the quenching factor of the B surface (QF B ) is 0.235 ± 0.026, and the quenching factor of the A surface (QF A ) is 0.199 ± 0.020. The anisotropy value between these two surfaces defined as χ = |QF B − QF A |/QF B , is χ = 0.153. 
Conclusion
The two surfaces, which are perpendicular to the a-and b-axis of the ZnWO 4 crystal were irradiated with a quasi-monochromatic neutron beam, the central energy of which was 0.885 MeV. The quenching factors of the surfaces for ∼ 200 keV oxygen nuclear recoil were measured. The measured values were 0.199 ± 0.020 for the A surface and 0.235 ± 0.026 for the B surface. Accordingly, it was confirmed that scintillation yields of the crystal show at least 15.3% of anisotropy depending on the incident direction of the neutrons, although this result is a superposition of all scattering angle events such as actual dark matter experiments.
A preceding work [6] reported the anisotropic response of ZnWO 4 scintillator about 30% for 2∼5 MeV alpha particles. The value of the anisotropy is rather different from this work; however, it can be explained by the difference of the energy regions and the difference of the radiation sources. While the bulk effect of the crystal is observed with neutron sources, the surface effect of the crystal is observed with alpha sources, therefore it is inferred that another effect was observed in [6] .
With this measurement, the anisotropic scintillation response of the ZnWO 4 crystal to nuclear recoils was confirmed for the first time, and the possibility of the ZnWO 4 crystal as a direction-sensitive dark matter detector was verified. 9/10
